Abstract-In this work we theoretically study microwave properties of a superconductor/dielectric periodic layered structure, in which a strongly dispersive superconductor, nearly ferroelectric superconductor (NFE SC), is taken. Microwave transmittance in the dielectric-like response has been calculated based on the transfer matrix method as well as the electrodynamics of NFE SCs. Microwave response is strongly dependent on the number of periods as well as the thickness of superconductor layer. It is found that the first anomalous transmission peak can be created when the number of periods is more than five. In addition, more anomalous peaks are generated by greatly increasing the number of periods. The presence of anomalous sharp peaks can be used to design a nicely frequency-selective filter or sampler using such a multilayer structure.
INTRODUCTION
Superconductor-dielectric superlattice has attracted much attention in the study of microwave and optical properties of superconducting thin films. Early in the discovery of high-temperature superconductors, Tagantsev and Traito calculated the mixed-state surface impedance of a superconductor superlattice [1, 2] . Recent research in the field of photonic crystals also leads to a work of superconducting photonic crystal [3] [4] [5] [6] . It is shown that a one-dimensional superconductor-dielectric photonic crystal (SDPC) has a low-frequency photonic bandgap (PBG), which is not seen in the dielectric-dielectric photonic crystals. This low-frequency PBG is on the order of plasma frequency. More recently, a superlattice made of high-temperature cuprate and magnetic films is experimentally shown to have negative index of refraction, the typical features of a metamaterial [7] .
To study the electromagnetic response a superconductor one will, as usual, use the two-fluid model to describe the electrodynamics. Two-fluid model and its related modified model are extensively useful in conventional superconductors and high-temperature cuprates as well. However, in addition to the familiar cuprates, there also exists a peculiar class of noncuprate superconductors called the nearly ferroelectric superconductors (NFE SCs). A NFE SC material is itself in the superconducting state and in the NFE state. The electromagnetic response of this material can be modeled by not only the two-fluid model but the lattice dynamics for the ionic host [8] [9] [10] . The theory tells that the response can be dielectriclike or Meissner-like. It has been predicted that in a single NFE SC slab in the dielectriclike response the transmission spectrum, in microwave regime, has many anomalous peaks that are sharply distributed. It is called the comblike distribution and is believed to be unique in such a material.
In this paper, we consider the superconductor-dielectric superlattice in which the superconductor is taken to be the NFE SC. Microwave transmittance will be calculated by using the transfer matrix method together with the electrodynamics of NFE SCs. The effects of number of periods on the microwave transmittance will be illustrated. The results suggest the layered structure can be designed as a nice frequency-selective filter without introducing a defect in the structure.
BASIC EQUATIONS
The superconductor-dielectric film layered structure is depicted in Fig. 1 , in which an N -period layered medium is immersed in the free space characterized by refractive index, n 0 = 1. The thickness of superconductor slab is a while the dielectric slab has a thickness of b. The periodicity is denoted by P = a + b. We consider a plane wave that is normally incident on plane boundary z = 0 from the vacuous half space z ≤ 0. A reflected plane wave will then also exist in the same half space, and a transmitted wave will be in the leftmost half space z > L = N P , where L is the total length of the system. Taking the temporal part as exp (−iωt), and denoting E i0 , E r0 , and
n a n b y n b n a n 0 n 0 Figure 1 : An N -period superconductor-dielectric multilayer structure, in which the total length of system is L, and the indices of refraction, n a and n b denote the superconductor and dielectric layers, respectively. E t0 as the amplitudes of the incident, reflected, and transmitted plane wave, respectively, one has the following matrix equation determining the transmission and reflection coefficients [11] E t0 1 η
where
where η 0 = µ 0 /ε 0 is the free-space wave impedance. Equation (1) then gives the transmission coefficient as follows:
where the reflection coefficient is given by
With µ a = 1, the relative permittivity of superconductor and its index of refraction is related by n a = √ ε a . The expression for ε a is given by [9] 
where the dielectric in the right-hand side is
A detailed description of Equation (6) can be found in Ref. [8] .
NUMERICAL RESULTS AND DISCUSSION
In what follows we will present the numerical results for the microwave transmittance at frequencies of 15-20 GHz. The NFE SC material is electron-doped SrTiO 3 whose parameters are described in Ref. [9] , and dielectric slab is LaAlO 3 with a dielectric constant of 24.
The calculated results are shown in Fig. 2 . For a single period N = 1, the bilayer structure acts as good reflector, just as expected for a superconducting film at microwave frequency. In fact, up to N = 5, no substantial change can be found in the transmittance spectra. However, we find an anomalous peak with a value of unity emerges at frequency 19.7 GHz when N = 6. The peak then shifts to the position of lower frequency as the number of periods is increased. The appearance of anomalous peak indicates that at this frequency the electromagnetic wave can propagate through the total system. In other words, the system can be designed as a frequency-selective filter, or a sampling device that samples a specific frequency from the input signal. It is known that the maximum reflectance at certain frequency the structure can be regarded as a resonator. However if the transmittance attains a maximum, it is referred to as an antiresonator. A resonator or antiresonator can be achieved by introducing a defect in the dielectric-dielectric photonic crystal (DDPC). In addition, if the superconductor is conventional metallic superconductors or high-temperature cuprates, then the superlattice will be a nice reflector at microwave frequency, no such anomalous peak in the transmittance spectrum. The NFE SC-dielectric superlattice, however, exhibits the above combined feature altogether. It is possible achieve an antiresonator at microwave regime without introducing any defect in the structure. In addition to such properties, if the num-ber of periods is increased greatly, say N = 20, then more antiresonant peaks are produced in the transmittance spectrum, making a multi-frequency sampler.
CONCLUSION
In summary, microwave transmittance in a NFE SC-dielectric superlattice has been theoretically investigated. For the simple case, N = 1, our results agree with the fact of a nice reflector. It is found the emergence of an anomalous peak at N = 6. At such peak frequency the incident wave is totally allowed to propagate through the structure which makes the structure antiresonant, becoming a frequency sampler or filter. The selective frequencies in filter are strongly dependent on the number of periods. The results elucidate the superior merits of such a structure, that is, it is possible to design an filter at microwave frequency without introducing an defect in the bilayer periodic structure.
